SUMMARY Left ventricular ejection fraction (EF) and wall motion studies were performed using blood pool cardiac scintigraphy before and during the cold-pressor test (CPT) and bicycle exercise. Twenty normal subjects responded to the CPT with no change or a significant increase (7% or more) of the EF and no new wall motion abnormalities. Mean EF increased significantly (p < 0.01). Two subjects responded abnormally to the CPT, one with a significant decrease (7% or more) in EF and another with the development of new wall motion abnormalities. During exercise, EF increased significantly in all-but one subject (p < 0.001). No new wall motion abnormality was seen.
In 20 patients with coronary artery disease (CAD) and normal resting left ventricular function, mean EF decreased (p < 0.001) during the CPT, but only 11 patients could be identified individually by a drop in EF of 7% or more. During exercise, 18 of the 20 patients responded abnormally (failure to increase EF by 7% or more). Twelve patients showed new wall motion abnormalities during CPT and 15 during exercise. Three patients during the CPT and one during exercise had normal EF response while developing new wall motion abnormalities.
Thus, the sensitivity of radionuclide EF changes during the CPT to detect subjects with CAD was 55%. It increased to 70% when wall motion analysis and EF changes were considered. The specificity was then 90% and the predictive accuracy was 88%. The sensitivity of radionuclide studies during exercise, considering EF changes and wall motion analysis under otherwise similar conditions, was 95%. Specificity and predictive accuracy were also 95%. We conclude that the CPT is not as sensitive as exercise for detecting subjects with CAD by radionuclide cardiac angiography. The CPT may be a useful intervention in subjects in whom adequate exercise cannot be accomplished. SINCE Hines and Brown described the cold-pressor test (CPT) in 1932,1 it has been used to identify subjects with hypertension2 3 and atherosclerosis. 4 5 However, its acceptance in the clinical setting was limited, mainly because the initial hypothesis that the vascular reactivity in subjects with these conditions is different from that in normal subjects has not been verified.6"9 More recently, it has been reported that the function in many patients with coronary artery disease (CAD).10-'3 Furthermore, because, assessment of left ventricular function during exercise may be cumbersome and time-consuming, the CPT may be a preferred method of stress to detect subjects with CAD.", 13 This alternative however, has not been adequately tested.
We undertook this study to determine the comparative values of isotonic leg exercise and the CPT for identifying subjects with CAD and normal left ventricular function, by noninvasively assessing left ventricular function changes during these forms of stress.
Methods

Patients
The control group included 20 normal subjects, ages 24-66 years (mean 39 years). Fifteen were males and five were females. Twelve patients with atypical chest pain were normal at cardiac catheterization and coronary cineangiography. None of these patients showed clinical or electrocardiographic evidence of variant angina.14 The remaining eight were asymptomatic volunteers without evidence of cardiorespiratory disease or conditions known to affect cardiac function. All control subjects had normal physical examination, chest x-ray and resting and exercise ECG. Twenty patients with CAD as defined by the presence of at least 50% diameter reduction of one or more major coronary arteries, 28-68 years old (mean 45 We used a conventional Anger-type scintillation camera with 37 photomultiplier tubes equipped with a high-sensitivity parallel-hole collimator, interfaced to a dedicated medical computer system (Technicare 460). Data were collected in a continuous ECG synchronized mode, 16 frames spanning the cardiac cycle, by previously described methods.1, The data were later analyzed using spatial smoothing, background subtraction and generation of the left ventricular time-activity curve, and EF.1'-5' All EF determinations were performed by one blinded operator. Regional wall motion was analyzed systematically by two blinded and independent observers in five segments (high septal, low septal, inferoapical, posterolateral and supero-lateral) by subjective assessment of the endless-loop movie format and static mode'5 and the aid of computer manipulation of images, which included the stroke volume image, '6 17 EF image,"' and the superimposition of the end-diastolic and end-systolic perimeters.'8 Each segment was classified as normal, hypokinetic, akinetic or dyskinetic (scored 0, 1, 2, and 3, respectively). Scores of all segments were then added and wall motion of each study expressed numerically (0-15) by each observer, which in turn were averaged to the nearest entire number and a single interpretation obtained. Abbreviations: HR = heart rate; BP = blood pressure; RPP = rate-pressure product; EF = left ventricular ejection fraction; CPT = cold-pressor test.
compare the data at a given stage between the two groups, the t test was used. Sensitivity, specificity and predictive accuracy were calculated as previously described,20 and expressed in percent units. The variability of sequential EF determinations was calculated using individual results of all participants at substages R-1 and R-2. The 95% confidence interval about a resting EF, used to define a subsequent significant change during the following stages in the individual subject, was determined by calculation of the pooled variance as described by Caldwell et al.
Results
Coronary angiography showed minor luminal irregularities with less than 30% diameter reduction of a vessel in two of the control subjects. In the group with CAD, nine patients had three-vessel disease, four had two-vessel disease and seven had one-vessel disease. All patients had normal left ventricular wall motion and EF higher than 65% on contrast ventriculography.
Both In each group, the mean values of HR, systolic and diastolic blood pressure (BP) and rate-pressure product (RPP) (tables I and 2) were not significantly different during any of the resting (R-1, R-2 and R-3) studies.
At rest, mean HR was similar in both groups (p > 0.05). Controls and patients with CAD increased the HR with the CPT and with exercise (tables 1 and 2), but in both groups it was significantly higher (p < 0.001) during exercise than during the CPT. Patients with CAD had a higher HR (p < 0.05) during the CPT and, since symptoms most often developed, HR achieved during exercise was lower (p < 0.01) than that of normal subjects at peak exercise. Individual responses are shown in figure 1. Two controls and two patients with CAD had a reduction of the HR during the CPT by 5 beats/min or more, while all participants increased HR with exercise by at least 45 beats/min. Systolic and diastolic BP at rest were similar (p > 0.05) in both groups. They consistently increased during both interventions (tables 1 and 2). During the CPT, systolic BP increased by 25 ± 12 mm Hg (mean ± SD) in controls and by 30 ± 14 mm Hg in subjects with CAD; with exercise it rose by 63 ± 18 mm Hg in control subjects and by 56 ± 15 mm Hg in patients with CAD. In both groups, systolic BP changes produced by exercise were significantly higher (p < 0.001) than changes produced by the CPT (fig. 2) . Finally, systolic BP during the CPT was higher (p < 0.01) in patients with CAD than in controls, while both groups achieved similar systolic BP with exercise. Diastolic BP increased to a similar extent in both groups and with both interventions (tables 1 and 2). With the CPT, it rose by 16 fig. 3) . The RPP at rest was similar (p > 0.05) in both groups. It was significantly higher (p < 0.001) during exercise than during the CPT. In controls, the RPP increased by 37 ± 18% with the CPT and by 216 ± 55% during exercise. In patients with CAD, it increased by 39 ± 18% with the CPT and by 158 ± 42% with exercise from the respective resting values (fig. 4) .
Maximal BP response to the CPT occurred at 30 seconds in 15 subjects, at 60 seconds in 22, and at 90 seconds in three subjects. There was no difference in the timing of the maximal BP response between the two groups.
Variability of EF Determinations
The variability of EF measurements was determined using the results of the 40 participants of this study. The difference of less than 1% (absolute value) between the means at substages R-land R-2, was not statistically significant. From the individual mean of the two resting values at stage 1, and knowledge of the pooled variance, the 95% confidence limits for significant change of a subsequent EF measurement was given byX ± 2.02 13 subjects did not increase the EF significantly (as defined above) with the CPT, and in fact in six of these subjects there was a decrease in EF. However, in only one of them was this drop significant (subject 8). With exercise, all controls but one showed a significantly increased EF (average increase 11.55%). Mean EF during exercise was significantly higher (p > 0.001) than mean EF during the CPT. The subject whose EF decreased significantly during the CPT was a woman with atypical chest pain who had no angina, abnormal ECG, or abnormal wall motion during either stress, and her EF response to exercise was normal.
The control who failed to increase EF during exercise (subject 11) was an asymptomatic young woman with normal exercise ECG and wall motion.
Based on these results, the following criteria were defined for a given patient: The normal response to the CPT is either no significant change or a significant increase of the left ventricular EF. This implies, then, that an abnormal response to the CPT is a decline in EF by 7% (absolute value) or more. During peak exercise, the normal response is a significant increase of EF; thus, an abnormal response to peak exercise is failure of the EF to increase by 7% (absolute value) or more.
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Segmental Wall Motion Studies
Individual and group wall motion scores are listed in tables 3 and 4. At rest, all subjects, by virtue of patient selection, had normal segmental wall motion. Normal subjects did not change significantly the mean score with either stress. Patients with CAD increased significantly the mean score with both interventions.
On examination of individual response, only one normal subject had an increased wall motion score during the CPT. During exercise, all control subjects had normal wall motion. Twelve patients with CAD during the CPT and 15 during exercise had increased wall motion scores. In these patients, the EF response to the CPT was normal in three, and EF response to exercise was normal in one.
Sensitivity and Specificity
Considering global left ventricular function changes, indicated by EF, radionuclide cardiac scintigraphy during the CPT, detected 11 of 20 patients with CAD (sensitivity 55%), had a specificity of 95% and a predictive accuracy of 92%. When wall motion analysis was considered in addition to EF changes, the sensitivity was 70% (detected 14 of 20 patients with CAD), the specificity was 90% and the predictive accuracy was 88%. The CPT detected seven of nine patients (78%) with three-vessel CAD, three of four (75%) with two-vessel CAD and four of seven (57%) with one-vessel CAD.
In similar conditions, radionuclide EF changes during exercise detected 18 of 20 patients with CAD (sensitivity 90%), had a specificity of 95% and a predictive accuracy of 95%. When wall motion analysis and EF changes were considered together, the sensitivity increased to 95% and the specificity and the predictive accuracy remained at 95%. The one patient not detected by exercise studies had one-vessel CAD.
The significance of the differences in sensitivity and specificity of both interventions in the identification of patients with CAD was assessed by McNemar's test. When only the EF changes are considered, the difference is significant (p < 0.05); but when both EF changes and development of wall motion abnormalities are considered, the difference is not significant (p = 0.10).
Discussion
We evaluated the relative merits of the CPT and of supine bicycle exercise in the detection of subjects with CAD, using multigated blood pool cardiac scintigraphy. Our results indicate that both interventions may induce segmental and global left ventricular dys-function; however, the sensitivity and the predictive accuracy are higher for studies during exercise than during the CPT.
According to classic concepts of the pathophysiology of ischemic heart disease, myocardial ischemia is produced by an increase in the myocardial metabolic demands without a parallel augmentation of its blood supply.22 Thus, any intervention that increases the myocardial metabolic demands could produce transient myocardial ischemia in subjects with fixed stenosis of the coronary arteries. Because in some patients with chronic stable angina pectoris, the supplydemand equilibrium is maintained at rest, various interventions have been designed.", 16, [23] [24] [25] [26] [27] [28] [29] Among these, isotonic exercise (on the treadmill or bicycle) is widely used, partly because of its relative simplicity and availability. Recently, the CPT was shown to be a useful intervention in the detection of patients with CAD.10-13 Since the CPT is more accessible and less time-consuming than exercise, it may become an alternative to this intervention, the extent of which would be directly related to its relative effectiveness.
We chose not to alternate or randomize the order of the interventions. Instead, the CPT was performed first in all subjects because its hemodynamic effects are usually short,2 9 30,81 while the hemodynamic changes produced by bicycle exercise may last for longer than 30 minutes.32 Maximal BP changes are achieved within 60-90 seconds after initiation of the CPT, and rapidly return to resting values upon withdrawal of the CPT.2, 8, 9, 11, 3 31 Thus, we considered it appropriate to start imaging 30 seconds after hand immersion in ice water and to maintain the cold stimulus for the 2 minutes required for the radionuclide study.
The hemodynamic changes produced by supine bicycle exercise in the present study are similar to those reported in normal persons '5' 24, 25, 33-35 and in patients with CAD. 1, 24, 25, 34, 35 Patients with CAD failed to increase the left ventricular EF, and new wall motion abnormalities were detected at peak exercise as a result of transient myocardial ischemia. Although exercise may induce coronary arterial spasm in selected patients,36' 37 exercise precipitates myocardial ischemia in patients with typical angina by increasing myocardial metabolic demands in face of a limited supply. 22, 38 Likewise, the sensitivity and specificity of exercise cardiac scintigraphy in this study to detect CAD in symptomatic patients are similar to those reported by Borer et This fact is relevant because many reports34' 41, 43, 44 inin part, depend on the intensity of exercise. Some patients with CAD may increase the EF at low levels of exercise before it shows a decline at higher exercise work loads. This may also explain why their normal subjects had no change or slight increase of EF during exercise.'3 Brady et al.44 suggested that adequate exercise be defined as that limited by typical angina, significant ST-segment depression on the ECG, or a RPP equal or higher than 250 X 102 mm Hg/min. The marked difference in exercise intensity between their study'3 and ours may explain the different results.
One subject in our control group, an asymptomatic 21-year-old woman, failed to increase the EF on exercise. She was normal as judged by current standard clinical criteria except cardiac catheterization, for which she had no indication. Other authors have reported similar false-positive results, expecially in women. These responses may be explained by subclinical cardiomyopathy, exercise-induced coronary arterial spasm without symptoms or ECG changes, or a normal variant. We have no information to assess these possibilities. One of the two patients with CAD whose EF increased at peak exercise did not exercise adequately by the criteria of Brady et al.,44 and may explain one of the two false-negative results.
Hemodynamic changes produced by local cold stimulation common to normal persons and to subjects with CAD include a rapid increase in systolic and diastolic arterial pressure2-9 11 Despite the uniform stimulation during the CPT, the individual EF response in the control group were inconsistent. In some subjects, EF did not change significantly, while in others, it increased as much as 15%. This is similar to the variable hemodynamic response reported previously.8' 9 . 52 Several investigators have shown that the HR, systemic vascular resistance, cardiac output and stroke volume might change in opposite directions.8 9, 52 In subjects with CAD, although the mean EF decreased significantly with the CPT, the sensitivity to detect CAD in an individual patient was only 55%. This finding contradicts previous reports.10-13 On studying 33 30. 31 does not support this assumption. Nevertheless, future studies are needed to assess this possibility. There were several methodologic differences between their study" and ours, but those were not likely the cause of the divergent results since they reported an intra-and interobserver variability similar to that in our laboratory. In fact, their cutoff point for a change in EF to be significant in the individual subject was 9%, while that in the present study was 7%.
In a previous report from our institution,53 the CPT showed an even lower sensitivity (38%) when patients with previous myocardial infarction were included. Patients with left ventricular asynergy could have had a blunted pressor response,4 6 imposing less metabolic demands than in those with normal pressure response.
As with exercise studies, wall motion analysis improved the sensitivity of the CPT in the present investigation to levels similar to those of other studies.",' ' However, with or without wall motion analysis, the sensitivity, specificity and predictive accuracy of radionuclide cardiac angiography were, in our laboratory, higher during supine bicycle exercise than during the CPT in detecting subjects with CAD. Nonetheless, the CPT may be used in subjects who cannot exercise adequately. Patients with more extensive CAD, i.e., three-vessel CAD, may be more susceptible to developing abnormal left ventricular function with exercise (100% of the subjects in our small sample) or with the CPT (78%) than those with one-vessel CAD (86% and 57%, respectively). Finally, examination of the wall motion improves the sensitivity of both interventions, although it is relatively more important during the CPT.
